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Summary Introduction
Numerous studies have demonstrated genetic inﬂuencesNumerous studies have demonstrated genetic inﬂuences
on levels of coronary heart disease (CHD) risk factors,on levels of coronary heart disease (CHD) risk factors,
including blood pressure, lipoproteins, and body massbut there also may be genetic effects on the intraindivid-
(Feinleib et al. 1977; Stunkard et al. 1986; Austin et al.ual variation in these risk factors over time. Changes in
1987; Hunt et al. 1989; Heller et al. 1993; Rice et al.risk factors are likely to reﬂect genetic-environmental
1993). There may also be genetic effects on the intraindi-interactions and may have important implications for
vidual variation in these risk factors over time. Changesunderstanding CHD risk. The present study examines
in risk factors are likely to reﬂect genetic-environmentalthe heritability of changes in CHD risk factors, using
interactions, and may have important implications fordata from the two examinations by the Kaiser Perma-
understanding the effectiveness of therapeutic interven-nente Women Twins Study, performed a decade apart.
tions to reduce CHD risk (Zerba and Sing 1993). It hasThe sample consisted of 348 pairs of women twins who
been proposed that genetic-environmental interactionsparticipated in both examinations, including 203 MZ
could reﬂect the presence of ‘‘variability genes’’ that de-pairs and 145 DZ pairs. Average ages at the two exami-
termine the ﬂuctuation in risk-factor levels in an individ-nations were 41 and 51 years, respectively. By means of
ual over time (Berg 1994). For example, this conceptthree different statistical analytic approaches, moderate
has been supported by a study of the apolipoproteinheritability estimates were demonstrated for changes in
(apo) B locus and the apo AI-CIII-AIV gene cluster inLDL cholesterol (h2 Å .25–.36) and in HDL cholesterol
relation to variation in serum cholesterol levels over 5–(h2 Å .23–.58), some of which were statistically signiﬁ-
10 years in a group of men with peripheral vascularcant. Although small to moderate heritability estimates
disease (Monsalve et al. 1991). Similarly, a small studywere found for systolic blood pressure (.18–.37; Põ .05
has shown that variation at the b-ﬁbrinogen locus isfor some estimates), no genetic inﬂuence on changes in
related to intraindividual variations in plasma ﬁbrinogendiastolic blood pressure was detected. Based on longitu-
levels over 3–4 years (Cook et al. 1988).dinal twin data in women, this study demonstrates a
Longitudinal twin studies provide a unique opportu-genetic inﬂuence on changes in both lipoprotein risk
nity to better understand potential genetic inﬂuences onfactors and systolic blood pressure over a decade. In
disease and risk factors (e.g., see Carmelli et al. 1994;addition to environmental factors, which clearly are op-
Marenberg et al. 1994). Prospective twin studies alsoerating, the effect of various ‘‘variability genes’’ may be
can be used to estimate the proportion of variance ofacting independently of the genetic inﬂuences on the
changes in risk factors, over time, that is attributable toabsolute levels of these risk factors. Both mapping the
genetic inﬂuences. The purpose of the present study isgene(s) underlying intraindividual variations in these
to investigate genetic inﬂuences on intraindividual varia-CHD risk factors and understanding their function(s)
tion in lipoprotein and blood pressure–related CHD riskcould lead to targeted intervention strategies to reduce
factors, by performing heritability analysis on changesCHD risk among genetically susceptible individuals.
in risk-factor levels over the course of a decade. The
study makes use of a sample of nearly 700 adult women
twins who participated in two examinations, a decadeReceived September 27, 1996; accepted for publication April 2,
apart, by the Kaiser Permanente Women Twins Study.1997.
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Kaiser Permanente Women Twins Study in Oakland, (BMI), used for adjustment of risk factors, was calcu-
lated as weight(kg)/height(m)2.conducted during 1978–79 and 1989–90, respectively.
At the ﬁrst examination (exam 1), 434 pairs of female
Statistical and Genetic Analysestwins born in 1960 or earlier participated (Austin et al.
1987). At that time, zygosity was determined on the Descriptive statistics of the risk factors, including
skewness, were calculated separately for individual MZbasis of 20 polymorphic loci, such that the probability
of misclassiﬁcation of a pair concordant on all these and DZ women at exam 1 and at exam 2. Because the
frequency distributions of most risk factors at both ex-markers as MZ wasõ.001. The mean age of the women
was 41 years, and 90% were Caucasian. Eighty-one per- ams were skewed, these variables were transformed by
use of a natural log transformation. However, antilogcent of the original sample returned for the second ex-
amination (exam 2), for a total of 696 women in 348 mean values are reported, for ease of interpretation.
Comparisons of mean values for changes (D) in risk-twin pairs who underwent both examinations, of whom
203 pairs were monozygotic (MZ) and 145 pairs were factor values, from exam 1 to exam 2, were performed
by use of paired t-tests based on nontransformed values.dizygotic (DZ) (Austin et al. 1992). At both visits, each
woman had a physical examination and completed an These computations were performed by use of the Statis-
tical Analysis System (SAS Institute 1985).extensive medical history questionnaire, including de-
mographic information and information on a variety of Heritability analysis.—To determine the proportion
of variance of the risk factors that is attributable toCHD risk factors and on medication use and meno-
pausal status (Austin et al. 1992; Selby et al. 1993). genetic inﬂuences, heritability analyses were performed
for risk-factor levels at exam 1, levels at exam 2, and
Laboratory Measurements and Blood-Pressure changes (D) in levels from exam 1 to exam 2. Heritability
Determinations estimates near 0 imply that there are no genetic effects,
whereas values close to 1 imply strong genetic inﬂuence,At both examinations, lipid and lipoprotein determi-
nations were based on blood samples drawn after a 12- under the assumption of an underlying polygenic model.
Heritability analyses were performed by use of threeh fast. At exam 1, serum total cholesterol (TC), triglycer-
ides (TG), LDL cholesterol (LDL-C), and HDL choles- different statistical methods: First, the ‘‘classical’’ herita-
bility estimate was calculated as twice the difference ofterol (HDL-C) were determined by use of the methods
of the Lipid Research Clinics Program in a Centers for the MZ and DZ intraclass correlations. Second, the
analysis of variance (ANOVA) model was employed,Disease Control (CDC)–standardized laboratory (Aus-
tin et al. 1987). At exam 2, lipid measurements were with the modiﬁcations proposed by Christian et al.
(1974). Speciﬁcally, if the F-test of equality of total vari-performed by use of plasma samples in the CDC-stan-
dardized Donner Laboratory at the University of Cali- ances for MZ and DZ twins was not statistically signiﬁ-
cant, the ‘‘within-pair’’ (WP) estimate of heritability isfornia, Berkeley (Edwards et al. 1994). Subjects and
their co-twins were excluded from the lipid analyses if, reported. If, however, this F-test was signiﬁcant, the less
biased, ‘‘among-components’’ (AC) estimate is reported.at either exam, either one of each pair was not fasting,
was taking lipid-altering medications, or had missing or This AC estimate is a less powerful estimate of genetic
variance, because its standard error is larger than thatextreme values (TC ú350 mg/dl or TG ú400 mg/dl).
As a result of these exclusions, data from 604 women of the WP estimate. Heritability estimates are not re-
ported if the intraclass correlation for DZ twins is notin 302 pairs, including 179 MZ pairs and 123 DZ pairs,
were available for the lipid analyses. statistically signiﬁcant at the P Å .1 level, implying little
genetic inﬂuence among sibs who, on average, share halfAt both examinations, blood pressure was measured
by a trained individual after the patient had been seated their genes. Similarly, heritability estimates are not re-
ported if the DZ intraclass correlation exceeds the MZfor 5 min, by use of a standard mercury sphygmoma-
nometer. At exam 1 a single blood-pressure measure- intraclass correlation. Third, maximum-likelihood heri-
tability estimates (Christian et al. 1995) were obtainedment was obtained, whereas at exam 2 two recordings,
1 min apart, were obtained on the right arm; the results by use of the computer program TWINAN90 (Williams
et al. 1992). In this method, parameters are estimatedof these two recordings were averaged for the present
analysis. For blood-pressure measurements, subjects and on the basis of the sample covariance matrices for each
zygosity, as described by Heath et al. (1989). A seriestheir co-twins were excluded if either one was taking
antihypertensive medications or had missing values at of models are ﬁt to the data, under the assumption that
variation in the risk factor is attributable to a combina-either examination. As a result, 416 women in 208 pairs,
including 133 MZ and 75 DZ pairs, were included in tion of nonshared environmental effects (E), common
environment variance (C), additive genetic variance (A),the blood-pressure analysis.
Height (in m) and weight (in kg) were measured at and/or dominant genetic variance (D). These models are
denoted as follows: E Å nonshared environment only;both examinations while subjects were dressed in light-
weight clothes with shoes removed. Body-mass index AE Å A and E; CE Å C and E (no genetic component);
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ACE Å A, C, and E; and ADE Å A, D, and E. The most environmental and behavioral variables and risk-factor
changes. A residual value was calculated as the differ-appropriate model for each risk factor is selected on
the basis of likelihood statistics, by use of the recent ence between the observed and predicted risk-factor val-
ues, and these standardized residuals were then used inrecommendations proposed by Christian et al. (1995);
that is, C is ﬁrst estimated by means of the ACE model. the heritability analysis.
Furthermore, in order to adjust lipid and blood-pres-Its signiﬁcance is tested by comparison of the likelihood
values for the ACE and AE models, by means of a x2 sure changes as completely as possible, the regression
analysis was repeated with inclusion of BMI as an addi-statistic. If the null hypothesis is accepted (C Å 0), esti-
mates of A are obtained from the AE model, and the tional independent variable. Finally, the risk-factor
value at exam 1 also was included in the regressionstatistical signiﬁcance of A is tested by comparison of
the likelihood values of the AE and E models. On the models, to adjust for potential effects of regression to
the mean. Heritability analyses were repeated with stan-other hand, if the null hypothesis is rejected (i.e., Cx 0),
then A is estimated on the basis of the ACE model, and dardized residuals from these models as well.
the statistical signiﬁcance of A is tested by comparison
of the likelihood values of the ACE and CE models. In Results
general, if the selected model includes a genetic compo-
Ten-Year Changes in Risk-Factor Levelsnent (A and/or D), the heritability point estimate is cal-
culated as the proportion of the genetic variance divided The mean values of the risk factors in individual
by the total variance. In the current analysis, the AE women at exams 1 and 2 are summarized in table 1, by
model was used for most, but not all, of the heritability zygosity. Among MZ women (table 1), both TC and
estimates calculated by use of this approach. LDL-C increased signiﬁcantly over the 10-year period
For the heritability analyses, both the levels of the risk between exams (mean difference 7.3 mg/dl and 5.3
factors at exam 1 and exam 2 and the changes in the mg/dl, respectively). Plasma TG also increased signiﬁ-
risk factors between exams were ﬁrst adjusted for age, cantly (11.0 mg/dl), whereas the HDL-C mean values
by regression analysis. Regression equations were deter- did not change. Mean values of systolic blood pressure
mined separately for each of these variables, by zygosity (SBP) increased, with a mean difference of 5.7 mm Hg,
(Austin et al. 1987). Intraclass correlation coefﬁcients, but diastolic blood pressure (DBP) did not.
reﬂecting the similarity of co-twins in the same pair, Similar results were seen in DZ twins (table 1). Al-
were determined by use of the age-adjusted values of though both mean TC and mean LDL-C increased (7.3
the risk factors. mg/dl and 2.4 mg/dl, respectively), only the mean differ-
Adjustment for environmental and behavioral fac- ence in TC was statistically signiﬁcant. Mean TG values
tors.—Because co-twins in the same pair tend to share also increased in the DZ women (18.7 mg/dl), whereas
environment as well as genes, heritability estimates po- mean HDL-C increased slightly, but not signiﬁcantly
tentially can be spuriously overestimated (Feinleib et al. (1.1 mg/dl). A trend of increased SBP was noticed in DZ
1977). Indeed, results based on examination 1 of this women, whereas no such trend for DBP was seen.
study demonstrated that environmental and behavioral
Heritability of Risk Factors at Exams 1 and 2factors were more similar in MZ co-twins than in DZ
co-twins (Austin et al. 1987). This difference is denoted Age-adjusted intraclass correlations and heritability
estimates for each of the risk factors, with the three‘‘differential environmental covariance.’’ To avoid this
potential bias, changes in risk-factor levels were adjusted methods of heritability analysis, are summarized in table
2, for exams 1 and 2. At exam 1, the intraclass correla-for available environmental and behavioral variables at
each of the two examinations, by means of multiple tions for MZ pairs were consistently higher than the
correlations for DZ pairs, for all risk factors except DBP.regression analysis, in addition to the age adjustment
described above. The environmental and behavioral Both TC and LDL-C have high heritability estimates,
range .65–.92 (all P £ .001), implying that at leastvariables included education, full-time employment out-
side the home, marital status, medication and oral con- two-thirds of the variance in these risk factors may be
attributable to polygenic genetic inﬂuences. A similartraceptive use, menopausal status, parity, exercise, cur-
rent cigarette smoking, alcohol and coffee consumption, result is seen for HDL-C, with heritability estimates in
the range .73–.94 (all P £ .001). The heritability esti-special diet, and degree of current contact with co-twin.
For each risk factor–change variable, separate equations mates for TG are more moderate, ranging from .29 (.05
õ P õ .10) to .50 (P õ .001). Moderate genetic inﬂu-were developed for MZ and DZ twins, to allow for
differential effects of the environmental variables in the ences on SBP are also inferred on the basis of heritability
estimates, ranging from .37 (.05 õ P õ .10) to .53 (Ptwo groups of twins.
On the basis of these equations, a predicted value was õ .05), but are not inferred for DBP.
At exam 2 (table 2), similar intraclass correlation coef-calculated for each risk factor–change value for each
woman, reﬂecting primarily the associations between ﬁcients and high heritability estimates were found for
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Table 1
Mean { SD Values of CHD Risk Factors in Individual Women Twins, by Zygosity
MEAN { SD
NO. OF Exam 1 Exam 2 10-Year Change
RISK FACTOR WOMEN (1978–79) (1989–90) (Exam 2 0 Exam 1)
MZ twins:
TC (mg/dl) 358 192.4 { 38.2 199.7 { 38.8 7.3 { 29.8*
LDL-C (mg/dl) 358 112.6 { 32.8 117.9 { 35.0 5.3 { 26.7*
TG (mg/dl) 358 83.9 { 45.3 94.9 { 54.8 11.0 { 48.0*
HDL-C (mg/dl) 358 63.0 { 15.9 62.8 { 16.4 0.2 { 12.5
SBP (mm Hg) 266a 105.6 { 13.1 111.5 { 15.8 5.7 { 14.5*
DBP (mm Hg) 266a 66.7 { 8.8 66.2 { 10.4 0.3 { 10.6
DZ twins:
TC (mg/dl) 246 195.5 { 38.8 202.8 { 33.9 7.3 { 31.4*
LDL-C (mg/dl) 246 115.4 { 34.7 117.9 { 31.4 2.4 { 27.2
TG (mg/dl) 246 81.4 { 43.5 100.1 { 61.4 18.7 { 51.9*
HDL-C (mg/dl) 246 63.9 { 16.2 64.9 { 17.4 1.1 { 13.8
SBP (mm Hg) 150a 106.4 { 15.0 114.6 { 18.4 8.0 { 16.7*
DBP (mm Hg) 150a 67.2 { 9.9 66.1 { 10.8 0.8 { 10.9
a The smaller sample size for blood pressure is due to the exclusion of women on antihypertensive medica-
tions and of their co-twins.
* P £ .001, derived from a paired t-test on the natural log transformation of each risk factor.
TC and HDL-C. However, since the DZ correlation was Adjustment of changes for differential environmental
covariance.—Perhaps the most serious potential bias innot statistically signiﬁcant for LDL-C at this exam, no
heritability estimates obtained from twin studies is theheritability estimate is reported. For TG and for SBP
spurious overestimation of genetic inﬂuences becausemeasures, heritability estimates were moderate, but they
MZ twins may share environments that are more similarwere not consistent among the different estimation pro-
than those shared by DZ twins (Austin and Newmancedures. This may be attributable to a signiﬁcant differ-
1993). To reduce the possibility of bias attributable toence in the variance of these risk factors for MZ and DZ
differential environmental covariance, changes in risk-twins and to the use of the AC estimate from ANOVA
factor levels were adjusted for environmental and behav-analysis. Similarly, heritability estimates for DBP at
ioral factors, for environmental and behavioral factorsexam 2 were not conclusive.
and BMI, as previously described, and for environmen-
Heritability of Changes in Risk Factors over a Decade tal and behavioral factors, BMI, and risk-factor levels
Table 3 summarizes the age-adjusted heritability of at exam 1 (Austin et al. 1987; see Subjects and Methods
longitudinal changes of risk factors, by comparing the section).
similarity of changes, in risk-factor levels, from exam 1 The R2 values from the regression analyses used for
to exam 2, among the MZ and the DZ pairs. For DTC, these adjustments are summarized in table 4. R2 values
the intraclass correlation was slightly higher for MZ for age alone were small, range .0–.10, and thus ex-
pairs than for DZ pairs, but the heritability estimates plained only a small proportion of the variance in the
indicate little, if any, genetic inﬂuence. Only moderate risk factors. The R2 values increased slightly with adjust-
genetic inﬂuences on DLDL-C and DHDL-C were seen ment for environmental factors but were similar for MZ
(heritability range .33–.36 and .23–.27, respectively). and DZ twins. For lipids, R2 values were .09–.29. For
For SBP, both the classical and ANOVA heritability esti- blood-pressure variables, the R2 values were similar,
mates were relatively low (.19), yet the maximum-likeli- range .07–.14. With the addition of BMI to the adjust-
hood estimate based on the AE model was higher (.35) ment, R2 values increased for some, but not all, risk
and statistically signiﬁcant. Since the intraclass correla- factors. Finally, as expected, R2 values increased addi-
tions for both DTG and DDBP were higher for DZ pairs tionally with further adjustment for the exam-1 level of
than for MZ twins, heritability estimates are not re- each corresponding risk factor.
ported. These results for DTG and DDBP are also consis- Adjusted heritability estimates of changes in risk fac-
tent with the maximum-likelihood analysis, indicating tors.—The heritability analysis of changes in risk-factor
a common environmental component and a nonshared levels, after adjustment for additional covariables, are
environment component (the CE model) but no genetic summarized in table 5, for DLDL-C, DHDL-C, and
DSBP—that is, those variables found to have a geneticcomponent for these variables.
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Table 2
Age-Adjusted Intraclass Correlations and Heritability Estimates of CHD Risk Factors in Women Twins
NO. OF INTRACLASS h2 b
TWIN PAIRS CORRELATIONS
Maximum Likelihood
RISK FACTORa MZ DZ MZ DZ Classical ANOVA (Preferred Model)
Exam 1 (1978–79):
TC 179 123 .67**** .22*** .89**** .92**** (WP) .66**** (AE)
LDL-C 179 123 .66**** .25*** .81**** .75**** (WP) .65**** (AE)
TG 179 123 .49**** .31**** .36** .29* (WP) .50**** (AE)
HDL-C 179 123 .72**** .29**** .86**** .94**** (WP) .73**** (AE)
SBP 133 75 .37**** .18* .37* .53** (WP) .38**** (AE)
DBP 133 75 .25*** .28*** . . . . . . . . . (CE)
Exam 2 (1989–90):
TC 179 123 .66**** .24*** .85**** 1.07**** (AC) .63**** (AE)
LDL-C 179 123 .72**** .11 . . . . . . . . .
TG 179 123 .62**** .32**** .59**** .35 (AC) .65**** (AE)
HDL-C 179 123 .73**** .26*** .93**** .97**** (WP) .73**** (AE)
SBPc 133 75 .51**** .31*** .39* .23 (AC) .54**** (AE)
DBPc 133 75 .48*** .30*** .37* .19* (WP) .48**** (AE)
a Based on natural logarithm–transformed values.
b An ellipsis indicates that calculation of h2 is inappropriate; i.e., the intraclass correlation for DZ twins either is not statistically signiﬁcant
at the P Å .1 level or exceeds the MZ correlation.
c Based on the average of two determinations (see text).
* .05 õ P £ .10.
** P £ .05.
*** P £ .01.
**** P £ .001.
component on the age adjustment (table 3). For DLDL- C, however, no genetic component was detected. Similar
results were seen for DHDL-C, except that the heritabil-C, heritability estimates remained similar after adjust-
ment for environmental factors (range .29–.39) and ity estimate actually increased after adjustment for level
of HDL-C at exam 1. This increase is attributable toafter additional adjustment for BMI (range .25–.30),
indicating moderate genetic inﬂuences on the change in an increase, from .24 to .38, in the DHDL-C intraclass
correlation for MZs, after adjustment.LDL-C. After adjustment for the exam-1 level of LDL-
Table 3
Age-Adjusted Intraclass Correlations and Heritability Estimates for Changes in CHD Risk Factors in
Women Twins
INTRACLASS
CORRELATIONS h2 a
RISK FACTOR MZ DZ Classical ANOVA Maximum Likelihood
DTC .32**** .27*** .08 .08 (WP) . . . (CE)
DLDL-C .33**** .15** .36* .35* (WP) .33**** (AE)
DTG .22*** .28*** . . . . . . . . . (CE)
DHDL-C .27**** .15** .23 .26 (WP) .27**** (AE)
DSBP .33**** .24** .19 .19 (WP) .35**** (AE)
DDBP .16** .35*** . . . . . . . . . (CE)
a An ellipsis indicates that calculation of h2 is inappropriate; i.e., the intraclass correlation for DZ twins
either is not statistically signiﬁcant at the P Å .1 level or exceeds the correlation for MZ twins.
* .05 õ P £ .10.
** P £ .05.
*** P £ .01.
**** P £ .001.
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Table 4
R2 from Multiple Regression of Change in CHD Risk Factors on Age, Environmental and Behavioral Factors, BMI, and Level at Exam 1
R2 FOR REGRESSION MODEL
Age, Environmental
Age, Environmental and Behavioral Factors,
CHANGE IN NO. OF Age and Environmental and Behavioral Factors, BMI, and Level
RISK FACTOR TWIN PAIRS Age and Behavioral Factors and BMI at Exam 1
MZ twins:
DTC 179 .08 .23 .28 .34
DLDL-C 179 .09 .16 .22 .28
DTG 179 .02 .23 .30 .34
DHDL-C 179 .03 .09 .15 .24
DSBP 133 .04 .10 .10 .30
DDBP 133 .00 .07 .13 .27
DZ twins:
DTC 123 .10 .22 .30 .43
DLDL-C 123 .04 .17 .17 .39
DTG 123 .04 .23 .29 .33
DHDL-C 123 .07 .29 .32 .39
DSBP 75 .05 .14 .13 .27
DDBP 75 .00 .10 .10 .35
After adjustment for environmental factors and BMI, have indicated that genetic factors may control the varia-
the DZ intraclass coefﬁcient was .19, not signiﬁcantly tion in lipid and lipoprotein response to dietary manipu-
different from 0; hence, heritability for DSBP was not lations in animals (MacCluer et al. 1988; Blangero et
calculated. However, after further adjustment for exam- al. 1990; Hwa et al. 1992; Kirk et al. 1995; Paigen
1 SBP level, the DZ correlation was .24 (P õ .05), and a 1995), as well as in humans (Tikkanen et al. 1990b; Xu
relatively moderate heritability estimate was maintained et al. 1990, 1992; Abbey et al. 1991; Gaddi et al. 1991;
(.37), which was statistically signiﬁcant (P õ .0001). Glatz et al. 1991; Gylling et al. 1991; Manttari et al.
1991; Friedlander et al. 1993, 1995a). At this time, how-
Discussion ever, the mechanisms through which genetic factors are
involved in determining LDL-C change over time andConsistent with a previous report based on this cohort
in response to environmental exposure are not well un-(Austin et al. 1987), in the present sample of women
derstood. A variety of plausible mechanisms have beentwins who attended both examinations the heritability
proposed to explain the difference in responsivenessestimates at examination 1 were high for TC, LDL-C,
among inbred strains of the same animal species (Lusisand HDL-C and were more moderate for TG levels. Simi-
et al. 1987; Srivastava et al. 1991; Hwa et al. 1992;lar results were seen at examination 2, although the DZ
Kirk et al. 1995). Recently, it also has been shown thatintraclass correlation for LDL-C was not statistically sig-
the fractional catabolic rate of LDL is different in bothniﬁcant. Heritability analysis of changes in lipid risk fac-
normolipidemic and hyperlipidemic individuals, ac-tors in the present study revealed moderate genetic inﬂu-
cording to the apo XbaI genotypes (Demant et al. 1988;ences on changes in LDL-C and HDL-C but no signiﬁcant
Houlston et al. 1988; Series et al. 1989; Gylling et al.genetic inﬂuences on TC or TG (tables 3 and 5). Adjusted
1991). Although mutations in the LDL-receptor geneestimates showed that approximately one-quarter to one-
indicate that it is a ‘‘level’’ gene, it recently has beenthird of the variances of bothDLDL-C andDHDL-Cwere
shown that variation in the LDL receptor affects theattributable to genetic effects under a polygenic model,
variability of lipid traits and correlations between traitsalthough evidence for polygenic effects on change inde-
(Roy et al. 1995). However, results observed in a clinicalpendent of effects on level was strongest for HDL-C.
trial conducted on healthy young subjects have indicatedSimilar genetic effects were much less apparent for
that the response levels of LDL-C were not differentchanges in blood pressure over 10 years.
between the different LDL-receptor genotypes (Fried-Some recent studies have provided evidence that ge-
lander et al. 1995a). Thus, it appears unlikely that thenetic variability at apo gene loci may contribute to the
LDL receptor plays a major role in the variation of LDL-variation in lipid and lipoprotein levels over time (Berg
C over time.1988, 1989, 1994; Berg et al. 1989; Monsalve et al.
1991; Humphries et al. 1992), whereas other studies A large number of studies have demonstrated a rela-
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Table 5
Adjusted Heritability Estimates for Changes in CHD Risk Factors in Women Twins
ADJUSTED FOR AGE,
ADJUSTED FOR AGE AND ADJUSTED FOR AGE, ENVIRONMENTAL FACTORS, BMI,
ENVIRONMENTAL FACTORS ENVIRONMENTAL FACTORS, AND BMI AND LEVEL AT EXAM 1
Maximum Maximum Maximum
RISK FACTOR Classical ANOVA Likelihood Classical ANOVA Likelihood Classical ANOVA Likelihood
DLDL-C .39** .38* (WP) .29**** (AE) .30* .29 (WP) .25**** (AE) . . . . . . . . . (CE)
DHDL-C .23 .23 (WP) .26**** (AE) .30 .29 (WP) .23*** (AE) .58** .58** (WP) .57**** (AE)
DSBP . . . . . . . . . . . . . . . . . . .23 .23 (WP) .37**** (AE)
NOTE.—See footnotes to table 3.
tionship between the apo E polymorphism and plasma support the ‘‘variability gene’’ concept suggested by Berg
(1994), the results also could reﬂect changes, over alipid and lipoprotein levels in healthy subjects (Sing and
Davignon 1985). In addition, variation in the apo E gene period of time, in penetrance of the underlying ‘‘level’’
genes. The variability-gene effect can be understood asappeared to have an effect on intragenotypic variances
of many lipid traits (Sing and Davignon 1985; Boerwin- the idea that some genes have been ‘‘switched on’’ in
response to speciﬁc environmental factors, remain con-kle et al. 1987; Reilly et al. 1991; Haviland et al. 1995)
and may have a role on cholesterol and LDL-C response tinuously active, and contribute to a consistent change
in the phenotype value. The most powerful approachto dietary treatment (Tikkanen et al. 1990a; Gaddi et
al. 1991). Possible mechanisms for this differential effect for observing such a continuous effect is controlled inter-
vention trials. The other possibility suggests that at dif-have been suggested on the basis of in vitro studies
(Steinmetz et al. 1989; Demmant et al. 1991). Other ferent ages we may observe the expression of different
sets of speciﬁc genes, all or some of which may be uncor-studies have provided evidence suggesting that the apo
AI (Blangero et al. 1990; Humphries et al. 1992), apo related with earlier gene effects. In a longitudinal obser-
vation, changes over time probably combine elementsAIV (Mata et al. 1994; McCombs et al. 1994), apo
CIII (Lopez-Miranda et al. 1994), and lipoprotein lipase of both processes. The possibility that phenotypic ex-
pression is a function not only of the underlying geno-(Ordovas et al. 1995) gene loci also account for some
of the variability in LDL response. Our ﬁnding that there types but also of genotype-speciﬁc sex and age effects
has been shown for various quantitative traits (Moll etis no signiﬁcant genetic contribution to the longitudinal
change in LDL-C after adjustment for baseline levels al. 1984; Pe´russe et al. 1991; Reilly et al. 1991; Tiret
et al. 1992; Borecki et al. 1993; Towne et al. 1993;suggest that these candidate genes may have a plieo-
tropic impact on ‘‘levels’’ as well as ‘‘variability’’ of Friedlander et al. 1995b). For example, Moll et al.
(1984) have shown that a single locus inﬂuences LDLLDL-C.
Because of the age ranges (average ages 41 and 51 levels early in life, LDL variability, and the rate of in-
crease of LDL with age. Towne et al. (1993) have pro-years at examinations 1 and 2, respectively) of the
women in this sample, it is important to examine vided evidence that there is a genetic basis for sexual
dimorphism exhibited in LDL-C and in small LDL mass.whether changes in menopausal status might inﬂuence
heritability estimates of changes in the risk factors. For It also has been suggested that the pleiotropic effects of
apo E on levels and variabilities of multiple lipid vari-example, among the 302 pairs included in the lipid anal-
ysis, 109 pairs (36%), including 58 MZ pairs and 51 ables are gender speciﬁc (Reilly et al. 1991).
In the NHLBI Male Twins Study, three HDL-C mea-DZ pairs, had co-twins both of whom changed from
premenopausal to postmenopausal. Among these pairs, surements were determined within a 16-year period
(Christian et al. 1990). Similar to the present study, theage-adjusted classical heritability estimates for DLDL
and DHDL were .24 and .27, respectively. These esti- ﬁrst two examinations were performed approximately
a decade apart, although the male cohort of twins wasmates are similar to estimates based on twin pairs who
did not change menopausal status (.39 and .26, respec- somewhat older (42–55 years of age at exam 1) than
our cohort of females. The classical heritability estimate,tively) and to estimates based on the entire sample (ta-
bles 3 and 5). Thus, it appears unlikely that changes in 2(rMZ 0 rDZ), based on average values at the three exami-
nations, was .36, considerably lower than our estimatesmenopausal status have inﬂuenced the ﬁndings reported
here. both at exam 1 and exam 2. This estimate may even be
biased upward, if the observed higher variance amongAlthough the observation that we have made may
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DZ twins is due to a larger environmental variance respectively), has shown that, at the second examina-
tion, only 60% of the genetic variance from the ﬁrst(Christian et al. 1987). In our study the variance in
HDL-C change attributable to age and environmental examination was still in evidence and that 40% was
new (Colletto et al. 1993). If these different genetic in-covariables was considerably higher in DZ twins (R2
Å .29) than in MZ twins (R2 Å .09). Although our ﬁnd- ﬂuences are also operating in our sample of female
twins, it may explain in part the low heritability ofings in female twins indicate age-homogeneity in h2 for
HDL-C, the heritability estimates for males were hetero- blood-pressure changes that is seen here.
In various studies the estimates of familial correlationsgeneous with age (h2 Å .5, .04, and .56 for the total
cohort at exams 1, 2, and 3, respectively; and h2 Å .25, for blood pressure (Province et al. 1989; Tambs et al.
1993) and its genetic/environmental determinants (Sims.14, and .54, respectively, for male twins who attended
all three examinations) (Christian et al. 1990). In an- et al. 1987; Tambs et al. 1993; Hong et al. 1994) have
been reported to change with age. Results of the Riceother family study, the observed genotype-by-sex inter-
action for HDL3 and HDL2 mass resulted from signiﬁ- et al. (1990) study also found evidence for an age-depen-
dent admixture in the distribution of SBP. These ﬁndingscant different additive genetic variances (Towne et al.
1993). It is likely that the hormonal environments of are also consistent with recent results reported by Pe´r-
usse et al. (1991), who have suggested that variabilitymale and females at various ages differ considerably and
that the expression of genes controlling HDL-C may be in SBP may be inﬂuenced by a major effect of allelic
variation, at a single gene, that is sex and age dependent.inﬂuenced by the sex-age environment encountered.
Several studies have produced results indicating pleio- Most recently, Cheng et al. (1995) have used complex
segregation analysis to detect a recessive major-gene ef-tropic effects on intercorrelated lipid and/or lipoprotein
measures and on indicators of adiposity. Two such stud- fect on changes in DBP over 7.2 years of follow-up. It
should be noted that in their study, as in ours, no poly-ies have indicated that phenotypic correlations between
HDL-C and adiposity are due to shared environmental genic background seems to control the change of DBP
over time. Interestingly, we have observed a higher h2factors (Schork et al. 1994; Mahaney et al. 1995),
whereas a third study has attributed these correlations for change in SBP after the adjustment for baseline lev-
els, which suggests that the genetic factors that affectto additive genetic effects (Towne et al. 1994). A most
striking ﬁnding from a previous analysis of our cohort blood pressure over time may control basal levels of SBP
in a different direction.of women twins is the strong genetic inﬂuence on change
in BMI over the decade between examinations (Austin The heritability results presented in the present study,
especially those for lipids, have important implicationset al., in press). After being adjusted for age, heritability
estimates indicated that §50%—and possibly as much for understanding and potentially preventing CHD in
women. A number of studies have demonstrated signiﬁ-as 85%—of the variance in the change in BMI was
attributable to genetic inﬂuences. The high heritability cant associations between changes in CHD risk factors
and subsequent risk of CHD. For example, Groover etin BMI change found in the present twin cohort raises
the possibility that the presence of genetic inﬂuences al. (1960) followed a series of individuals over a 5-year
period, repeatedly measuring their serum cholesterol,on ﬂuctuations in BMI may also inﬂuence lipoprotein
metabolism. It is also possible that other variables used and found that all persons who experienced a myocar-
dial infarction belonged to the group of people who hadto adjust for environmental factors may contain a ge-
netic component, thereby resulting in an underestima- exhibited the highest variation in serum cholesterol. In
a 25-year follow-up of men in theWestern Collaborativetion of the genetic heritability for the adjusted measures.
Yet, present results demonstrate that heritability esti- Group Study, those with the largest weight gain and loss
had an increased risk of coronary death compared withmates for change in HDL-C and LDL-C were only
slightly modiﬁed after adjustments for environmental the ‘‘no change’’ and ‘‘gain only’’ groups (Hamm et al.
1989). Similarly, a 32-year follow-up of men andfactors and BMI.
Moderate genetic inﬂuences on cross-sectional SBP women in The Framingham Study showed that subjects
with body-weight ﬂuctuations had higher risk of bothwere seen at both exam 1 and exam 2; moderate genetic
inﬂuences on cross-sectional DBP were seen at exam 2 CHD and total mortality (Lissner et al. 1991). The mod-
est heritability of change in lipids and lipoproteins, asonly; and little, if any, genetic inﬂuence on changes in
blood pressure was found (tables 2, 3, and 5). The h2 well as the high heritability of DBMI recently described
among women twins in this study (Austin et al., inestimates of blood-pressure variability at exam 1 and
exam 2 are in fair agreement with those reported in press), demonstrates the presence of genetic inﬂuences
on ﬂuctuations in these risk factors. Therefore, bothother studies (Annest et al. 1979; Krieger et al. 1980;
Longini et al. 1984). Interestingly, a recent NHLBI male mapping the gene(s) underlying intraindividual varia-
tions in these risk factors and understanding their func-twin study that examined the genetic inﬂuences on blood
pressure at three successive points in time (at which the tion(s) could lead to targeted intervention strategies to
prevent CHD in genetically susceptible individuals.average ages of participants were 48, 57, and 63 years,
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